The LHC is the last element of CERN's accelerator complex, which is a succession of machines with increasingly higher energies. Everything starts in the 50 MeV linear accelerator (LINAC2), but a new linear accelerator, the 160 MeV LINAC4, will replace LINAC2 in 2018, upgrading LHC injectors to higher intensity and eventually increasing the luminosity of LHC.
Introduction
The Large Hadron Collider at CERN is the world's highest energy particle accelerator, and it is located at CERN, on the French-Swiss border.
It uses part of the same structure of the former accelerator (LEP), and it has a circumference of 27 km long, running 100 m underground.
After a long maintenance stop (2013-2014), the running was resumed in 2015 with an increased collision energy of 6.5 TeV per proto n, and another foreseen increase in luminosity (which measures how many collisions are happening per square centimeter and per second). In this regard, LHC's design maximum total energy, 14 TeV, is already very close.
The LHC generates the greatest amount of information that has ever been produced by any experiment before, and it is already revealing some of the most fundamental secrets of nature.
The LHC is the last element of CERN's accelerator complex, which is a succession of machines with increasingly higher energies. Everything starts in a 50 MeV linear accelerator (LINAC2), but, in order to upgrade the LHC injectors to higher intensity to eventually increase the LHC luminosity, a new linear accelerator, the 160 MeV LINAC4, will replace LINAC2 in 2018.
In this article we show how this new accelerator works and we introduce a simple application of magnetism topics like Lorentz Force and Gauss and Biot-Savart Laws.
We have already shown that it is possible to take this experiment to secondary school classrooms using physics topics like energy, pressure or magnetism (see [1] [2] [3] [4] [5] [6] [7] [8] ).
The linear accelerator
A linear particle accelerator (also called a linac) is a linear electrical device for the acceleration of subatomic particles (see figure 1) .
It belongs to a family of accelerator machines that includes other members such as CockroftWalton and Van de Graaf accelerators, cyclotrons, synchrocyclotrons, betatrons and synchrotrons (like CERN accelerators: PSB, PS, SPS or LHC).
The design of a linac depends on the type of particle that is being accelerated: electron, proton or ion, but, generally speaking, it is a linear array of radio frequency acceleration cells. These range in size from a 15 cm cathode ray tube, in a old TV iopscience.org/ped P a P e r s
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set, to the 3.4 km long stanford linear accelerator center (SLAC) in California.
The more common approach in these accelerators is using radio-frequency alternating electric fields that are applied over short distances to 'kick' particles into higher energies.
The charged particles are accelerated by an electric field that is applied between the 'drift tubes' (across the gap between them). The particles travel in 'drift tubes' between 'kicks' of the electric field. As the particles leave a tube section there must be an accelerating field across the gap. Because of this, the first tube must be at the same potential as the particle's charge (repelling it away from where it is coming from) while the second one, in which the particle is about to enter, must be of the opposite potential (attracting the particle). When it enters the drift tube it must experience no electric field so that it 'drifts' on at the same velocity until half of the cycle, when it can be accelerated again. The drift tubes are made of conducting material and therefore form 'Faraday cages'.
The Faraday Cage Effect implies that no electrostatic field is present within the conductor. Because of this, the alternating potential does not affect the particles when it is in opposition to the direction the particles are travelling. The passage of the particle between drift tubes is synchronised with the phase of the accelerating field-the particle is only subjected to the field when it is in the part of the cycle that accelerates it (not in the other half, which would decelerate it!).
The tube sections need to get larger as the particles travel faster as they have to be inside the tube for the full half cycle.
LINAC4
Actually, the linac is not the first stage of the accelerator chain, because a source of charged particles and an injector system are needed to put particles into the linac.
Linac4 is located in an underground tunnel connected to the Linac4-PSB transfer line. A surface building houses RF equipment, power supplies, electronics and other infrastructure (see figure 3 ).
An ordinary hydrogen atom has one electron and one proton. Its electric charge is zero. We could strip off the electron and accelerate the protons. This is precisely what is happening at present in LINAC2, which is the first step in the LHC current accelerator chain.
Instead we add an electron, making a negatively charged hydrogen-ion.The ion source is fed with hydrogen gas. A discharge plasma is formed and a strong electric field strips away an electron from each hydogen atom.
The positively charged (protons) from the plasma are attracted towards a cathode surface (metal surface with caesium). The deposition of caesium reduces the work function of the cathode, making it a more efficient donor of electrons to the positively charged hydrogen ions, thus enhancing H − ion production. Because of its negative charge, the H − ion will move away from the negative surface.
The H − ions are extracted from the ion source in 400 μs long pulses to form a beam which is then passed through a small magnet to remove any electrons.
The H − ions leave the ion source with an energy of 45 keV and traverse an 86 m line. This line is composed by the following elements: a Radio Frequency Quadrupole, a Chopper line, an Alvarez Drift Tube Linac (DTL), a Cell-Coupled Drift Tube Linac (CCDTL) and a Pi-mode structure (PIMS). After this, particles leave the Linac having Basically, Linac4 works in the same way as any linear accelerator, as described above. However its degree of sophistication and complexity makes it a very remarkable machine. In this regard, the design and construction of each of the elements that composes it is a scientific and techonological challenge. It should also be remarked that Linac4 accelerates H − ions, instead of protons, as the current Linac2 does.
After leaving Linac4 the two electrons belonging to H − ion are stripped off and the bare protons injected into the Booster (PSB) for acceleration in the rest of the chain.
Because electrons are very light, the ion has nearly the same mass as a proton but with opposite charge. Due to the H − ion having the opposite charge of a proton, a proton beam and H − beam would converge when passed through a single magnet. The 'merged' beams would diverge again if passed through a second magnet.
The electrons in the H − ion are weakly bound to the proton and can be easily stripped if passed though a thin carbon foil. Because the foil is thin and the protons have high energy, the foil will not bother the protons. This choice of methodology allows more particles to accumulate in the synchrotron (PSB), simplifies injection, reduces beam loss at injection and gives a more brilliant beam of protons.
Linac 4 is scheduled to become the source of proton beams for the Large Hadron Collider after the long shutdown in 2017-18. It is the first step in the project to increase the luminosity of the LHC during the next decade.
Electromagnetism from LINAC4
In a simple approach, we could consider that the beam is composed by an infinite number of 'streams' (or 'lines') of H − ions contained in a cylinder that represents our beam. It is like a number of 'spaghettis' with negative charge that create and suffer electrical and magnetic forces.
Any two 'lines' (or 'spaghettis') of H ions, traveling in one direction with velocity v and spaced by a distance r, will experience the relative forces between them that we are going to calculate. In this regard, every particle in one 'line' feels the Lorentz Force produced by the other line:
Both forces created for the line 1 are acting on every particle of line 2 in opposite directions (see figure 5 ). So,
The value of E 1 acting on each particle can be calculated from Gauss Law (electric field a distance r created by an'infinitely long wire'):
where λ is the 'linear charge density' in line 1. The value of B can be calculated from BiotSavart Law: where I is the intensity of electrical current in the line 1.
Taking again λ, we can substitute I:
So we have for B 1 :
Taking (2) and (3) to (1):
Rearranging the expression: So F depends on linear charge density (λ) which limits the number of particles accelerated together (per pulse), but, due to the term (1/γ 2 ), F decrease dramatically in relativistic conditions (when the particle velocity approaches the speed of light)
In addition, we can see how a relativistic effect comes out easily from the magnetism laws (and how magnetism comes out of special relativity!).
Conclusions
We have presented some calculations related to basic electricity and magnetism using the Linac4 as an exciting way to introduce this topic.
The CERN accelerator chain is one of the largest and most sophisticated scientific and technological structure ever built, and LHC is one of the most ambitious experiments of all time. Our students have to know about it.
